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canthaxanthin 


O 
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Classes of Carbonyl 
Compounds 


Class General Formula Class General Formula 


O 0) 
ketones ] aldehydes l| 
R—C—R’ R—C—H 
1) 0 
carboxylic acids \| acid chlorides 
R—C—OH R—C—Cl 
esters ll amides 
Reo R—C—NH, 
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Structure of the Carbonyl 
Group 


O O O O 
| | 
Cc Cc c Cc 
ZN oN YN SN 
R R’ R H H H 
ketone aldehyde formaldehyde carbonyl! group 
condensed structures: RCOR’ RCHO CH,O 


°A ketone can be described as two alkyl groups 
bonded to a carbonyl group. 


¢An aldehyde can be described as one alkyl group 
and one hydrogen bonded to a carbonyl group. 
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Structure of the Carbonyl 


Group (Continued) 


length 


5 
ketone C=O bond 1.23 A 


Ru, 


Pas alkene C=C bond 134A 


ree 


°Carbon is sp? hybridized. 


energy 


745 kJ/mol 
(178 kcal/mol ) 


611 kJ/mol 
(146 kcal/mol) 


*The C=O bond is shorter, stronger, and more polar 


than the C=C bond in alkenes. 
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Resonance 


R R 
NO ~. o&. 
C=O: <> *C—O: 
i / . 
R R 
major minor 


°The first resonance is better because all atoms 
complete the octet and there are no charges. 


The carbonyl carbon has a partial positive and will 
react as an electrophile. 
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Dipole Moments 


eoe™ 
H CH, 


“4 =2.7D 
acetaldehyde 


@ Pearson 


7G. 
i 
oN 
H,C CH, 


“= 29D 
acetone 
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Compare with: 


Cl 
[+ 
— 
H 
“#=19D 
chloromethane 


u = 130D 
dimethy! ether 
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Ketone Nomenclature 


I in on 1 
CH,—C—CH,—CH, CH,—CH—C—CH—CH, C—CH,—CH, 
1 2 3 4 l 2 3 4 s l 2 2 
old IUPAC names in blue: 2-butanone 2,4-dimethyl-3-pentanone 1-phenyl-1-propanone 
new IUPAC names in green: butan-2-one 2,4-dimethylpentan-3-one 1-phenylpropan-1-one 


*Number the chain so that the carbonyl carbon has 
the lowest number. 


*Replace the alkane -e with -one. 
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Cyclic Ketone Nomenclature 


O 
q OH 
‘ ; ! | 
CH,—C—CH,—C—CH, 
5 3 1 2 3 4 5 
; 4 CH; 
CH, ; 
3-methylcyclopentanone 2-cyclohexenone 4-hydroxy-4-methyl-2-pentanone 
cyclohex-2-en-1-one 4-hydroxy-4-methylpentan-2-one 


°For cyclic ketones, the carbonyl carbon is 
assigned the number 1. 


When the compound has a carbonyl and a double 
bond, the carbonyl takes precedence. 
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Aldehydes Nomenclature 


r (een | a | 
CH,—C—H CH,CH,CH, —CH—CH—CH,—C—H CH,—CH—CH,—C—H 
7 76 75 4 3 2 1 4 3 2 1 
ethanal 4-bromo-3-methylheptanal 3-hydroxybutanal 
A 2 5 CHO 
CH,—CH,—CH=CH—CHO (Hex «th 
5 4 3 2 1 
s 6 3 OH 
2-pentenal cyclohexanecarbaldehyde 2-hydroxycyclopentane-1-carbaldehyde 
pent-2-enal 


The aldehyde carbon is number 1. 
*IUPAC: Replace -e with -a/. 


elf the aldehyde group is attached to a ring, the 
suffix -carbaldehyde is used. 
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Carbonyl as Substituent 


°On a molecule with a higher-priority functional 
group, a ketone is an oxo and an aldehyde is a 
formyl group. 


eAldehydes have a higher priority than ketones. 


O 
i cu Rg 
CH,CH,—C—CH,—CHO Ch H—C—C—CH,—COOH 
COOH 
3-oxopentanal 2-formylbenzoic acid 3,4-dioxobutanoic acid 
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Priority of Functional Group in 
Naming Organic Compounds 


(highest) acids 
esters 
aldehydes 
ketones 

alcohols 

amines 

alkenes, alkynes 
alkanes 

ethers 

(lowest) halides 
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Common Names for Ketones 


*Named as alkyl attachments to —C=O 


eUse Greek letters instead of numbers. 


CH, O CH, 
CH,CH,—C—CH,  CH,CH,—CH—C—CH—CH,CH, 
methyl ethyl ketone di-sec-butyl ketone 

O CH, OCH,O 


B a | y B a 
Br—CH,—CH,—-C—CH—CH, | CH,—CH,—CH—C—C(CH,), 
f-bromoethyl isopropyl ketone tert-butyl a-methoxypropyl ketone 
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Common Names of Acids and 


Aldehydes 


Carboxylic Acid 


H—C—OH 
formic acid 
(methanoic acid) 

Oo 
I 
CH,—C—OH 
acetic acid 
(ethanoic acid) 

? 
CH,;—CH,—C—OH 
propionic acid 
(propanoic acid) 

it 
CH;—CH,—CH,—C—OH 
butyric acid 
(butanoic acid) 


ie) 


Ola 


benzoic acid 


@ Pearson 


Derivation 


formica, “‘ants’” 


acetum, *‘sour’* 


protos pion, “first fat” 


butyrum, **butter"’ 


gum benzoin, **blending”’ 
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Aldehyde 
te} 
Il 
ACF 
formaldehyde 


(methanal) 


(ethanal) 


CH,—CH,—C—H 


propionaldehyde 
(propanal) 


i 
CH,—CH,—CH,—C—H 


butyraldehyde 
(butanal) 


Slide - 14 


Historical Common Names 


7 ) re) 
oO c 
I 
CH,—C—CH, CBs 


acetone acetophenone propiophenone benzophenone 
Br O OCH,O 
| | p al |i 
CH,—CH—CH,—C—H CH,—CH—C—H 
y B a 
Common name: B-bromobutyraldehyde a-methoxypropionaldehyde 
TUPAC name: 3-bromobutanal 2-methoxypropanal 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 15 


Boiling Points 


I 1 
CH,CH,CH,CH, CH;—O—CH,CH, CH,CH,~-C—H = CH,—-C—CH, —CH,CH,CH,—OH 
butane methoxyethane propanal acetone propan-1-ol 
bp0°C bp8°C bp 49°C bp 56 °C bp 97°C 


*Ketones and aldehydes are more polar, so they 
have a higher boiling point than comparable 
alkanes or ethers. 


They cannot hydrogen-bond to each other, so 
their boiling point is lower than the comparable 
alcohol. 
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Solubility of Ketones and 
Aldehydes 


¢Good solvent for alcohols 


*Lone pair of electrons on oxygen of carbonyl can 
accept a hydrogen bond from O—H or N—H. 


eAcetone and acetaldehyde are miscible in water. 


o om 
‘oO. ron 
hyd: bond, 8t/~ \8t a7 NS 
ydrogen bon re? i mi a 
a Tr "\epfibeoen bond 
5 oy 
PR os, 
R R’ R H 
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Physical Properties of Ketones 


IUPAC Name Common Structure mp bp | Densi | Solubilit 
Name (°c) | (°C | ty yinH,O 
(g/ (%) 
cm?) 
Propan-2-one acetone CH,COCH, =95 56 | 0.79 oo 
Butan-2-one methyl ethyl CH,COCH,CH, -86 80 | 0.81 25.6 
ketone (MEK) 
Pentan-2-one methyl n-propyl | CH3COCH,CH,CH3 -78 102 | 0.81 35) 
ketone 
Pentan3-one diethyl ketone CH,CH,COCH,CH, -41 101 | 0.81 4.8 
Hexan-2-one CH_CO(CH) Che -57 127 | 0.83 1.6 
Hexan-3-one CH,CH,COCH,CH,CH, | -55 124 | 0.82 
Heptan-2-one CEeCOletH cla. -36 151 | 0.81 1.4 
Heptan-3-one CH,CH,CO(CH,),CH, | -39 147 | 0.82 0.4 
Heptan-4-one di-n-propyl (CH,CH,CH,)CO -34 144 | 0.82 
ketone 
cyclohexanone blank -47 157 | 0.94 15 
acetophenone methyl C,H,COCH, 21 202 | 1.02 0.5 
phenylketone 
propiophenone | ethyl phenyl C,H,COCH,CH, 2a 218 | 1.009 
ketone 


Physical Properties of 


Aldehydes 


IUPAC Name Common Structure mp bp Density | Solubility 
Name (°C) | (°C) | (g/cm?) | in H,O 
(%) 
Methanal formaldehyde HCHO or CH,O -92 -21 0.82 53) 
ethanal acetaldehyde CH;CHO -123 | 21 0.78 co 
propanal propionaldehyd | CH,;CH,CHO -81 49 0.81 20 
e 
butanal n- CH,(CH,),CHO -97 |75 0.82 71 
butyraldehyde 
2-methylpropanal ial (CH;),CHCHO -66 61 0.79 11 
le 
pentanal eo CH,(CH,),;CHO =or 103 | 0.82 
valeraldehyde 
3-methylbutanal | isovaleraldehyd | (CH,),CHCH,CHO | -51 93 0.80 
e 
hexanal caproaldehyde | CH,(CH,),CHO -56 129 0.83 0.1 
heptanal n-heptaldehyde | CH;(CH,);CHO -45 155) || 0:85 0.02 
propenal acetolein CH,=CH-CHO -88 53 0.84 30 
but-2-enal crotonaldehyde | CH,-CH=CH-CHO | -77 104 | 0.86 18 
benzaldehyde C,H;CHO -56 179 1.05 0.3 


Formaldehyde 


HO OH 
Nf 
H—C—H 


: a9 
trioxane, mp 62°C formaldehyde 


(a trimer of formaldehyde) ye bp 21°C 


Te hee a, 
i O—-C=—O0—-—C—0 i oO 
H H 


| | 
H H 


paraformaldehyde 
(a polymer of formaldehyde) 


n 


*Gas at room temperature 
¢Formalin is a 40% aqueous solution. 


formalin 


°Trioxane is a cyclic trimer of formaldehyde. 


When trioxane is heated, it generates 
formaldehyde. 


Pearson 
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Infrared (IR) Spectroscopy 


(1725 =D) eu 2810 cm“) 
O 
| NN // 


R—C—R’ R—C—H 
ketone aldehyde 


°Very strong C=O stretch around 1710 cm* for 
ketones and 1725 cm! for simple aldehydes 


¢ Additional C—H stretches for aldehyde: Two 
absorptions at 2710 cm"! and 2810 cm! 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 21 


IR Spectra 


{about 1685 cm ') 


O Ze = OF 
| =| 
Se=ec Se—07 
we oe a 
O 1685 em} 0 1690 em O 115 em™ oO 41815 em) 
e-~ y |= IZ y [_ 
OP re 
acetophenone but-2-enal cyclopentanone cyclopropanone 
Pp! yclop ‘YY ClOprop: 


°Conjugation lowers the carbonyl stretching 
frequencies to about 1685 cm“. 


*Rings that have ring strain have higher C=O 
frequencies. 
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Proton NMR Spectra 


a carbon « carbon a carbon 
0 0 


| 
R—CH)—C-—®H) = R—-C— R—C—CQ)R’ 
62.4 69-10 O21 62.4 
an aldehyde a methyl ketone other ketones 


eAldehyde protons normally absorb between 6 9 
and 6 10. 


°Protons of the a carbon usually absorb between 6 
2.1 and 6 2.4 if there are no other electron- 
withdrawing groups nearby. 
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1H NMR Spectroscopy 


(Sb so eRe oey BERS Sere ass 
OHz S0Hz OHz SOHz 
O t t 
HI 
4 \2 b y ee ace ee eee 
H ‘CH,— CH,— CH; 
s 
nt 
nee 
suweubeees tay et 
9.86 9.75 256 2.45 inal 
ut | | 
T cr 1 
10 9 8 7 6 5 4 3 2 1 0 
5 (ppm) 


°Protons closer to the carbonyl group are more 
deshielded. 


*The a, 6, and y protons appear at values of 6 that 
decrease with increasing distance from the 
carbonyl group. 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 24 


Carbon NMR Spectra of 
(es -- T T T T 44 | "4 T 


208 


e) 
\ll 44 24 31 23 14 
30 Cc | nl | | f 
% SS | I 
H.C” “CH,CH,CH,CH,CH, 


! ! ! l l ! ! ! ! ! ! 
200 180 160 140 120 100 80 60 40 20 0 


The spin-decoupled carbon NMR spectrum of 2- 
heptanone shows the carbonyl carbon at 208 ppm 
and the acarbon at 30 ppm (methyl) and 44 ppm 
(methylene). 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 25 


Mass 


Spectrometry (MS) 


100 


80 


43 | 


60 


40 


abundance 


20 


0 


M+ 


6 pe 
ll 


CH,;— C — CH,CH; 


@ Pearson 


CH, — C+ CH,CH, 


CH, —+ C— CH,CH; 


i 


y+ 


43 ~ 
radical cation 
mlz 72 


re) : 


— 


57 
radical cation 
mlz 72 


| 
T T T T T T | T T 
80 90 100 110 120 130 140° 1 


CH,— C=ot + 


acylium ion 


m/z 43 (base peak) 


acylium ion 


SI 


*CH,CH, 


ethyl radical 
loss of 29 


CH,CH,—C=ot + -CH, 


methyl radical 
loss of 15 
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0" 160 
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MS for Butyraldehyde 


100 a4 
a IM = 28) fr | 
3 oO 
60 
E 29 M* ll 
5 Ca Bp y 
2 4 | H@ CH,CH,CH; 
f 57 coi 
20 | T 
OL T T T —— T —— T T mT 
10 20 30 40 50 60 70) 80 90 100 110 120 130 140° 150 160 
mlz, 
H H 
) st com tof 
| | + I 
H—C—CH,—CH,-+CH, Ax St 6. CH) + -CHy 
H c H c loss of 15 
mlz 72 | | 
B, ycleavage H H 
stabilized cation 
mlz 57 


McLafferty rearrangement mlz 72. ——> iilz 44 (base peak) + loss of 28 
(explained in Figure 18-5) 


ie) it 
| 

Let teral —* H-C=0t += -CH,CH,CH, 
29 


mlz 72 mlz 29 loss of 43 
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McLafferty Rearrangement 


(jaliysrogen a ' 
] + 
Vo HO: Hc | 
H-—Sc~ ] Nog™ arcmin 
He! C —H a Hx, Ae = I + I 
Ca ye. H H C Ca 
/# “CR \ tes pas aN 
H/o yy H pH H H H~ “H 
H H ethylene enol 
mlz 72 loss of 28 mlz 44 


McLafferty rearrangement of butyraldehyde 


°The net result of this rearrangement is the 
breaking of the a, B bond and the transfer of a 
proton from the y carbon to the oxygen. 


°An alkene is formed as a product of this 


rearrangement through the tautomerization of the 
enol. 
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Ultraviolet Spectra of 
Conjugated Carbonyl 


Compounds 
H H CH H 
Semen  Bhomece 
H ¢ C 
O O O 
propenal three alkyl groups three alkyl groups 
\max = 210 nm, ¢ = 11,000 Amax = 237 nm, € = 12,000 Nnax = 244 nm, € = 12,500 


max, 


Conjugated carbonyl compounds have 
characteristic 
a — a * absorption in the UV spectrum. 


°An additional conjugated C=C increases 4,,,, about 
30 nm; an additional alkyl group increases it about 
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Electronic Transitions of the 


et © 9 9 


yee fit "ag 


allowed 
My, 
wane nn nnn nn ne nnn nena anne 4 Bc-0< 
n mY, ® nonbonding 
“Oh orbital 
“allowed” transition “forbidden” transition 
€ = 5000-200,000 e = 10-200 


Small molar absorptivity 


°“Forbidden” transition occurs less frequently. 
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Industrial Importance 


*Acetone and methyl ethyl ketone are common 
industrial solvents. 


*Formaldehyde is used in polymers like Bakelite® 
and many other polymeric products. 


*Also used as flavorings and additives for food 
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Ketones and Aldehydes Used 
in Household Products 


° CHO CHO ° cuo 
I I = 
CH,—CH,—CH,—C—H C—CH, 
HO 


butyraldehyde 
vanillin acetophenone trans-cinnamaldehyde 
Odor: buttery vanilla pistachio cinnamon 
Uses: margarine, foods foods, perfumes ice cream candy, foods, drugs 
O. 
0. 
oO 
oO 
SS 

camphor pyrethrin carvone muscone 

Odor: “camphoraceous” floral (—) enantiomer: spearmint musky aroma 
(+) enantiomer: caraway seed 

Uses: liniments, inhalants plant insecticide candy, toothpaste, etc. perfumes 
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Grignards As a Source for 
Ketones and Aldehydes 


Aldehyde —> secondary alcohol — ketone 


OH 
| H,0* | NaOCl | 
R—MgxX + R'—C—H —aa? > R—-CH-R HOAc cs 
Grignard aldehyde secondary ketone 
alcohol 


°A Grignard reagent can be used to make an 
alcohol, and then the alcohol can be easily 
oxidized. 
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Oxidation of Primary Alcohols 
to Aldehydes 


CH,OH CHO 
Cy NaOCl Cy 
> 
es 
N 


cyclohexylmethanol cyclohexanecarbaldehyde 
(90%) 


O- 


°Pyridinium chlorochromate (PCC) is selectively 
used to oxidize primary alcohols to aldehydes. 


eThe Swern oxidation could also be used. 
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Ozonolysis of Alkenes 


\ 4 (1) O,,-78 °C \ / -_ 
= aces ee = ie _ 

Pe Oi (2) (CH,),S va Oo + O C + (CH3)2 

H R’ H R" 


The double bond is oxidatively cleaved by ozone, 
followed by reduction. 


*Ketones and aldehydes can be isolated as 
products under these conditions. 
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Friedel-Crafts Reaction 


G 
1 1 1 
(1) AICI, 

—C— ame = = 
R—C—El) + (0) H50 G C=R -F C=R 
R is alkyl or aryl; G is hydrogen, an activating group, or a halogen. G 

O 
El 
AICI; 
“@Hjo H,0 
O,N O,N 
p-nitrobenzoyl chloride p-nitrobenzophenone 
(90%) 


Reaction between an acyl halide and an aromatic 
ring will produce a ketone. 
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Hydration of Alkynes 


, R H 
= Hg?+, H,SO, <a ye Ht | | 
R—C=C—H 1,0 > Z qQ > R—C—C—H 
HO 


H 
alkyne enol (not isolated) methyl ketone 
Example 

O 
ec" 
cF HOW UH Cc 

2: = ~ 

H,SO,, Hg’* c CL Ht CH, 
H,O H 
ethynylcyclohexane enol cyclohexyl methyl ketone 


(90%) 


°The initial product of Markovnikov hydration is an 
enol, which quickly tautomerizes to its keto form. 


*Internal alkynes can be hydrated, but mixtures of 
ketones often result. 
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Hydroboration-Oxidation of 
Alkynes 


; R H 9 
(1) Sia,BH \ io -OH I 
—c=c— aia et = — —_ a 
R—C+}C—H @) H,0,, NaOH x Cc R—CH,—C—H 
H OH 
alkyne enol (not isolated) aldehyde 
Example ‘ JH ? 
A 
ar CH,—C—H 
(1) Sia,BH z 
<> 
(2) H,O,, NaOH 
ethynylcyclohexane cyclohexylethanal 


(65%) 


*Hydroboration-oxidation of an alkyne gives anti- 
Markovnikov addition of water across the triple 
bond. 
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Solved Problem 1 


Show how you would synthesize each compound from starting materials 
containing no more than six carbon atoms. 


(a) 0 (b) 1 
OO gate 


Solution 


a) This compound is a ketone with 12 carbon atoms. The carbon skeleton 
might be assembled from two six-carbon fragments using a Grignard 


reaction, which gives an alcohol that is easily oxidized to the target 
compound. 


i. H. OH 
MgBr I (1) ether 
Cm solvent NaOCl 
ne ———— ee ————> target (a) 
(2) H,0* HOAc 
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Solved Problem 1 (Continued) 


Solution 


An alternative route to the target aaa involves Friedel-Crafts acylation. 


oO 


b) This compound is an aldehyde with eight carbon atoms. An aldehyde 
might come from oxidation of an alcohol (possibly a Grignard product) or 
hydroboration of an alkyne. If we use a Grignard, the restriction to six- 
carbon starting materials means we need to add two carbons to a 
methylcyclopentyl fragment, ending in a primary alcohol. Grignard 


ie 


CH,MgB a CH,—CH,—CH 

Br ae 

2 _U) C—, ether, ‘ _Nadcl . target (b) 
(2) H,0* TEMPO 
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Solved Problem 1 (Continued 
1) 


Solution 
Alternatively, we could construct the carbon skeleton using acetylene as the 
two-carbon fragment. The resulting terminal alkyne undergoes hydroboration 


to the correct aldehyde. 


5 ee Chee Fy Sia 
——_——_> target (b) 
———_ (2) H0,, ~OH 
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Synthesis of Ketones from 
ecuasieaas Acids 


OLi 


T 
—OH 5 OH G 
| H,O* ] -H,O 
C—OLi —~> C—OH > 
(phenyllithiomy: 
cyclohexane- 
carboxylic acid 


cyclohexyl phenyl ketone 
dianion hydrate 
*Organolithiums will attack the lithium salts of 
carboxylate anions to give dianions. 


¢Protonation of the dianion forms the hydrate of a 
ketone, which quickly loses water to give the 
ketone. 
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Ketones and Aldehydes from 
Nitriles 


es R Mgx R H R 
o 
> S w Ht % 7 H,0* BS 2 
R—-C=N: — C=N, > C=N, > C=O: + NHt 
Xs S i oe 
R R 
nucleophilic attack Mg salt of imine imine ketone 


°A Grignard or organolithium reagent can attack 
the carbon of the nitrile. 


°The imine is then hydrolyzed to form a ketone. 
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Reduction of Nitriles to 
Aldehydes 


(1) (Bu), AIH pr Q)11,0* oo 
R—C=N: — > R—-C ——— R-C + NH,* 
% XS 
H H 
nitrile aluminum complex aldehyde 
Example 7 
NN EUs wee SS 
(2) H,0* H 
hex-4-enal 


hex-4-enonitrile 


eAluminum hydrides can reduce nitriles to 
aldehydes. 


*Diisobutylaluminum hydride, abbreviated (/ 
Bu),AlH or DIBAL-H, is commonly used for the 


reduction of nitriles. 
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Aldehydes to Alkoxides 


O O 
| LiAlH, | LiAlH, 
R—C—OH = R—C—H aoa R—CH,—O- 
(slow) (fast) é 
acid aldehyde alkoxide 


(not isolable) 


°Aldehydes are easily oxidized to acids. 
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Acids to Acid Chlorides 


r 1 i 
R-C—OH + CI-S—Cl —>» R-C—Cl + HCIf + SO,f 
acid thionyl chloride acid chloride 
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Aldehydes from Acid Chlorides 


Li* ~AIH(O-t-Bu), 
— ee ee ee —cC— 
x Cc Cl lithium tri-tert-butoxyaluminum hydride Es 
acid chloride aldehyde 


*Lithium aluminum tri(¢-butoxy)hydride is a milder 
reducing agent that reacts faster with acid 
chlorides than with aldehydes. 
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Lithium Dialkyl Cuprate 
Reagents 


1 1 
R,CuLi + R’—C—Cl > R’—C—R + R—Cu + LiCl 
a lithium dialkylcuprate acid chloride ketone 


(Gilman reagent) 


°A lithium dialkylcuprate will transfer one of its 
alkyl groups to the acid chloride. 


°Grignards and organolithiums cannot do this 
reaction. 
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Nucleophilic Addition 


Nuc := 
Nuc 
Ay Coe :~ i Nuc *% ge 
=——=0O — RY hom or ns eyo + Nuc:- 
R 
nucleophilic attack alkoxide product 


°A strong nucleophile attacks the carbonyl carbon, 
forming an alkoxide ion that is then protonated. 


°Aldehydes are more reactive than ketones. 
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Reaction with a Grignard 
Reagent 


CH, CH, 
ot Sy Se eee: Hot 
Cad > cHCH,—¢—O" Mebr > CHCH)—C—O—H 
CH, 


= 
CH, CH, 
2-methylbutan-2-ol 


ethylmagnesium 3 
alkoxide 


bromide acetone 


°A strong nucleophile attacks the carbonyl carbon, 
forming an alkoxide ion that is then protonated. 
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Reaction with a Hydride 


H 0  ———— O—H 
| I CH,CH,OH | 
gt — = ‘a 
Na* H ae cH, > H ii CH Galen) > H i CH, + CH;CH,O 
H ‘acetone CH; CH; 
alkoxide propan-2-ol 


*The hydride anion adds to the carbonyl carbon; 
the alkoxide is protonated to form an alcohol. 
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Electrophilic Strength 


O ia 
I t “Nuc a ae _HNue we 
yen os A™ 
R R R R R R 
ketone alkoxide product 
less electrophilic more crowded more crowded 
4 O- _Nuc HO Nuc 
It Nuc: ~ Ye H—Nuc ~ ra 
xf 4 i 
R a R Na R “a 
aldehyde alkoxide product 
more electrophilic less crowded less crowded 
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Hydration of Ketones and 
Aldehvdes 


\ Pi # ie [hydrate] 
ydrate 
C=0 + -H0 = Cc k= 
/ ; — fr% ‘~ [ketone][H,O] 
R R OH 
keto form hydrate 
(a geminal diol) 
Example 
f HO OH 
CH,—C—CH, + H,O a CH;—C—CH,_ K,, = 0.002 
acetone acetone hydrate 


eIn an aqueous solution, a ketone or an aldehyde is 
in equilibrium with its hydrate, a geminal diol. 

eWith ketones, the equilibrium favors the 
unhydrated keto form (carbonyl). 
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Acid-Catalyzed Hydration of 
Carbonyls 


4A 
a O. O—H O—H 
i —_, t <= R é R <= R d R 
of Ss r’ pz — _—< | 
) wes HOt aie 
H 0): oe 2 
e HO 


¢Hydration occurs through the nucleophilic addition 
mechanism, with water (in acid) or hydroxide (in 
base) serving as the nucleophile. 
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Base-Catalyzed Hydration of 
Carbonyls 


. oO E . OH 
HOP | sayo—# 
ee — HO—C—-R == HO—C—R + ~OH 
R R | R 


The hydroxide ion attacks the carbonyl group. 


°Protonation of the intermediate gives the hydrate. 
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Cyanohydrin Formation 


“C=N: H—C=N: 
pa > R—CoR’ —_ PR-ee 
R R’ | | 
C=N: C=N: 
ketone or aldehyde intermediate cyanohydrin 


*The mechanism is a base-catalyzed nucleophilic 
addition: attack by cyanide ion on the carbonyl 
group, followed by protonation of the 
intermediate. 


°HCN is highly toxic. 
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Cyanohydrin Reactions 


| KCN HO. CN 
Cx. + HON —> ek. 
CH,CH; H CH,CH; H 
propanal propanal cyanohydrin 
(100%) 
O 
| KCN HO. CN 
pe nN + HCN — 2 Cc N 
CH,CH, CH, CH,CH, CH, 
butan-2-one butan-2-one cyanohydrin 
(95%) 
O 
H 
Ue + HON <ote am Pea 
(CH;),;C C(CH,), (CH,),C C(CH;), 
di-fert-butylketone slow reaction, poor yields 
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Formation of Imines 


O OH 
Ht | \ # 
Cc + R—NH, — —E— — e +. 540 
7 \ primary amine | I 
ketone or aldehyde R-N—H R—N 
carbinolamine imine (Schiff base) 
(hemiaminal) 


eAmmonia or a primary amine reacts with a ketone 
or an aldehyde to form an imine. 


eImines are nitrogen analogues of ketones and 
aldehydes with a C=N bond in place of the 
carbonyl group. 


*Optimum pH is around 4.5. 
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Mechanism of Imine Formation 


Acid-catalyzed addition of the amine to the carbonyl 
compound group 


H H 
—, O ‘OH 0-H 
a) G5 ee eee eee 
=—e— =—c— & 
os or % es | 7 | 
i 
< aes R—N-H 
on, H,O: carbinolamine 
irony _ 7 (hemiaminal) 
Acid-catalyzed dehydration 
H H H 
oe OS %& NZ ee A 
oO ‘Ot Cr le 
Lo ee | oh i — 
en Pass , i. 
N: N: H R R 
a oe a as minor major 
carbinolamine protonated intermediate (all octets filled) imine 
(Schiff base) 
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Imine Reactions 


O 
+ NH, 
ammonia 
cyclohexanone 
NH, 
O 2 
+ 
cyclopentanone aniline 
H 
Ss, 
C=O 
+ CH,—NH, 
methylamine 
benzaldehyde 
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NH 
H,O 


cyclohexanone imine 


N 
Ht 
es + 


H,O 
cyclopentanone phenyl] imine 
H 
NN “ 
C=N—CH, 
Ht . 
— + H,O 


benzaldehyde methy! imine 
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Other Condensations with 
Amines 


N os . Ht Ss 2% 
YC=0 + HN-7Z > -C=N—7Z| + HO 
Zin Z—NH, Reagent Product 
=H H,N-+tH ammonia >c=N-fH an imine 
—R HNR primary amine Sc=N-fR an imine (Schiff base) 
—OH H,N-+OH hydroxylamine Sc=N-0H an oxime 
—NH, H,N-{NH, hydrazine >c=N-{NH, a hydrazone 
—NHPh H,N-+NHPh phenylhydrazine c=N-NHPh a phenylhydrazone 
Oo O 
l es | Seas «8 I 
—NHCNH, H,N--NH—C—NH, _-C=N—{NH—C—NH, 
semicarbazide a semicarbazone 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 61 


Formation of Acetals 


O 
| Ht RO. OR’ 
Zen, + 2R’'—OH — ee + HO 
R H R H 
aldehyde acetal 
O 
~ Bo OF 
ex + 2R”’—OH == pes + H,O 
R R’ R R’ 
ketone acetal (general) 


ketal (specific) 
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Mechanism for Hemiacetal 
Formation 


il —OH 


HO: ge ar 
= te che & cH, ion 
H{OTs O—CH, 
—4 


ketone protonated (activated) ketone hemiacetal 


eMust be acid-catalyzed 


e Adding H+ to carbonyl makes it more reactive with 
the weak nucleophile, ROH. 
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Acetal Formation 


CH, CH, 


= <> + H,O 


hemiacetal protonation, loss of water resonance-stabilized cation 


attack by methanol acetal 
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Hydrolysis of Acetals 


CH,—O O—CH, 


Ht, excess H,O 


- io ——— + 2CH,OH 


°Acetals can be hydrolyzed by addition of 
dilute acid. 


The excess of water drives the equilibrium toward 
the formation of the ketone or aldehyde. 
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Cyclic Acetals 


i 
H—C—C—H 
~ % 
| H OL 0 
on ce 
ce 
H | iW a 
+ H=c—C— =— + HO 
HO OH : 
benzaldehyde ethylene glycol benzaldehyde 


ethylene acetal 
eAddition of a diol produces a cyclic acetal. 
*The reaction is reversible. 

*This reaction is used in synthesis to protect 
carbonyls from reaction. 
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Carbohydrates 


hemiacetal 
a l 


OH 


6 
CH,OH 
glucose glucose lactose 
(open chain) (cyclic hemiacetal) 
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Acetals As Protecting Groups 


Proposed synthesis 


incompatible functional groups O O 
0 fe) OMgBr i OH i 
I CH,CH,—C—H —_H,0* CH,CH,—C—H 
+ BrMg—CH,CH,—C—H . ed . 


cyclohexanone (impossible reagent) target compound 


°The aldehyde requires protection. 
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Synthesis 


Actual synthesis 


oO 
I HOCH,CH,0H O. LO Mg O. LO 
Br—CH,CH,—C—H a CBr CH,CH,CH => BrMg—CH,CH,—C—H 
“masked” aldehyde protected from 


basic reagents 


O 
MgBr [ \ OMgBr OH if 
CH,CH,—C—H 


° nN CH,CH; H,0+ 
+ CH,CH,—C—H —- a= ———> 
target compound 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 69 


The Wittig Reaction 


The Wittig reaction 


R’ R R R 
‘emo + Xe a > cmc + PhP=O 
ff a ef : 
R’ H Ph R’ H 
ketone or aldehyde phosphorus ylide alkene 


*The Wittig reaction converts the carbonyl group 
into a new C=C double bond where no bond 
existed before. 


°A phosphorus ylide is used as the nucleophile in 
the reaction. 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 70 


Preparation of Phosphorus 
Ylides 


Ph _ vas 
o “\t 
4 yi oC a ne 
- bis l Ph R| + CHyo 
Ny or | . \t Ip CHSCH CHa butane 
Ph 7 eT cs Ph—P f H butyllithium ! 
Ph R Ph R Ph. JM + Lix 
triphenylphosphine alkyl halide x7 Ph—P— q 
phosphonium salt Ph R 


phosphorus ylide 


°Prepared from triphenylphosphine and an 
unhindered alkyl halide 


*Butyllithium then abstracts a hydrogen from the 
carbon attached to phosphorus. 
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Mechanism of the Wittig 
Reaction |. 


R R’ 


t+ oo. 
if ee Ph,P :O:- 
Ph,P—C& =a ae 
Oe 1 SRP —2 —C—C—=R* 
R R’ 
ylide ketone or aldehyde a betaine 


Oxaphosphetane formation 


R R’ R R’ 


a betaine oxaphosphetane 
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Mechanism for Wittig 


- Ph,P=O, 
PoP : H R 
as % a 
H—C—C—R’ —_ C=C 
| | ee, 
R R’ R R 
four-membered ring triphenylphosphine oxide 
+ alkene 


The oxaphosphetane will collapse, forming a 
carbonyl (ketone or aldehyde) and a molecule of 
triphenyl phosphine oxide. 
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Solved Problem 2 


Show how you would use a Wittig reaction to 
synthesize 1-phenyl-1,3-butadiene. 


1-phenylbuta- 1 ,3-diene 
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Solved Problem 2 (Continued) 


Solution 


This molecule has two double bonds that might be formed by 
Wittig reactions. The central double bond could be formed in 
either of two ways. Both of these syntheses will probably 
work, and both will produce a mixture of cis and trans isomers. 


Analysis 
) H 
C=O + Ph p=c” 
va 2 \ 
H H CH=CH, 
f could come from 
Cc +c er or 


v \ 
H CH=CH, 
@l i 
/ 


hae Phy + O=C 
H CH=CH, 


You should complete this solution by drawing out the 
syntheses indicated by this analysis (Problem 18-16). 
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Oxidation of Aldehydes 


[0] | 
R—-C—H ———~— R—C—OH 


(oxidizing agent) 


Examples O re) 
| Na,Cr,0, | 
ee dil H,SO, a aa 
CH, CH; 
isobutyraldehyde isobutyric acid (90%) 
~H Ag,0 OH 
—_——_ 
THF/H,O 
(97%) 
cyclohex-3-en-1-carbaldehyde cyclohex-3-en-1-carboxylic acid 


Aldehydes are easily oxidized to carboxylic acids. 
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The Tollens Test 


°The Tollens test 
involves adding a 
solution of silver- 
ammonia complex (the 
Tollens reagent) to the 
unknown compound. 


*lf an aldehyde is 
present, its oxidation 
reduces silver ion to 
metallic silver. 
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Reduction Reagents 


Sodium borohydride, NaBH,, can reduce ketones 


to secondary alcohols and aldehydes to primary 
alcohols. 


eLithium aluminum hydride, LiAIH,, is a powerful 
reducing agent, so it can also reduce carboxylic 
acids and their derivatives. 


*Hydrogenation with a catalyst can reduce the 
carbonyl, but it will also reduce any double or 
triple bonds present in the molecule. 
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Sodium Borohydride 


1 t 
Cc N C—H 
H NaBH,, CH,CH,OH S 
Oo H 
cyclohexanecarbaldehyde cyclohexylmethanol (95%) 
OH 


| NaBH,, CH,OH | 
CH,—C—CH,CH,; © —————>_ CH, —CH—CH,,CH, 
butan-2-one (+) butan-2-ol (100%) 


eNaBH, can reduce ketones and aldehydes, but not 
esters, carboxylic acids, acyl chlorides, or amides. 
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Lithium Aluminum Hydride 


O OH 
Jk LiAIH, oe 
R’ *R(H) ether RL Be 
aldehyde or ketone 


eLiAIH, can reduce any carbonyl because it is a 
very strong reducing agent. 


¢ Difficult to handle 
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Catalytic Hydrogenation 


ar Ni-H, a Ni-H, i 
H ——_—_—_—_- H — H 
(Raney nickel) 


°Widely used in industry 


°Raney nickel is finely divided Ni powder saturated 
with hydrogen gas. 


It will attack the alkene first, then the carbonyl. 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 81 


Deoxygenation of Ketones and 
Aldehydes 


2H, 
deoxygenation 
(4-e reduction) 
O H OH H H 
| H, ‘7 H, wd 
Cc TER C Rare Cc + H,O 
LoN (2-e reduction) Jo™N (2-e reduction) Lo™N : 


*The Clemmensen reduction or the Wolff-Kishner 
reduction can be used to deoxygenate ketones and 


aldehydes. 
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Clemmensen Reduction 


Zn(Hg) 
Ph—C—CH,CH3  Fyq,q,97 Ph —CH3—CH,CH, 
propiophenone n-propylbenzene (90%) 
Zn(Hg) 
CH,—(CH,);—CHO HCl, H,O CH,—(CH,),—CH, 
heptanal n-heptane (72%) 
O H 
Cy Zn(Hg) on 
oO 
HCl, H,O0 
cyclohexanone cyclohexane (75%) 
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Wolff-Kishner Reduction 


I | ie 
Ht Koo, HY 7H 

UC. + H,N—-NH, —?> LC. + HO +] Sc + HO + N=NT 

hydrazone 
~ 

____KOH,175°C 175°C 
OCH, CH,OCH,CH,OH (CH,0CH,CH,OH 
propiophenone hydrazone (diethylene glycol) n-propylbenzene (82%) 


*Form hydrazone, then heat with strong base like 
KOH or potassium tert-butoxide. 

°Use a high-boiling solvent: ethylene glycol, 
diethylene glycol, or DMSO. 

eA molecule of nitrogen is lost in the last steps of 
the reaction. 
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Wolff-Kishner Mechanism 


DH a. : 
R N :OH IR -N £8 N H,O N 
Scan “SH == Se OE >  >C—N* “| == Hy Sc—N~ > 
‘ . va - Yo 
R R R 
hydrazone remove proton from N replace proton on C + ~OH 
R Tot ie . R en R’ P R 
\ N #QH \ N: \.Z tho % 
BON “HO == uscty~ = HOC > #C-8 = “on 
R R R R 
carbanion product 
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